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SEMICONDUCTOR DEVICE AND MANUFACTURING METHOD THEREOF 



BACKGROUN OFTHE INVENTION 

1. Field of the Art 

5 This invention relates to a semiconductor device and a manufacturing method thereof 

2. Descr^>tion of the Related Art 

In recent years, the researdi of semiconductor devices has been inoeasingly 
conducted by use of the very chemically stable nature of silicon carbide (SiQ. Silicon carbide 
has a larger energy gap Eg, as compared with silicon, for example. Eg = 3.3 eV in the case of 
10 4H type crystals, to have a high withstanding voltage and therefore expected to be appUed to 
power devices sudi as an electric power controlling device. 

An exemplary SiC bipolar transistor comprises a high-concentration n*-type SiC 
substrate on which are laminated the n -type epitaxial region, a p-type base region, and the 
p*-type contact region in this order. The topmost p*-type contact region is partiaUy removed to 
15 expose part of the p-type base region located thereunder. An n*-type emitter region is fomied in 
the surfece layer of the p-type base region as exposed. An interlayer film is fomied on the 
surfece of the n*-type emitter region and the surface of the p*-type contact region serves to 
protect and stabilize the surfaces and the junction surfaces thereof while an emitter electrode and 
a base electrode is formed throu^ contact holes opened through the interlayer film. Also, an 
20 collector electrode is formed on tiie rare surface of the SiC substrate. 

In operation of this vertical bipolar transistor having a high withstanding voltage for 
high power appUcations, a larger collector current can be generated fiwm the coUector electrode 
to the emitter electrode in response to a smaller base current passed &om the base electrode to 
the emitter electrode. Features reside in that a large quantity of carriers are injected to an n -type 
25 epitaxial layer having a high specific resistance to cause conductivity modulation and decrease 
the "on" resistance of the semiconductor device. K no voltage is appUed to the base electrode, no 
base current flows to electrically insulate between the collector electrode and the emitter 
electrode and realize a switching operation. 
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SUMMARY OFTHE INVENTION 
nie SiC bipolar transistor of high withstanding voltage has the following problems. 
It is required for realizing a high withstanding voltage to prevent punch-through, 
5 which is a phenomenon that, due to the reverse voltage appUed to a collector electrode, a 

depletion layer is expanded in a p-type base region to reach an n*-type emitter region. For this 
purpose, the space diargp density of the depletion layer has to be increased within the p-type 
base region in order not to inhibit the expansion of the depletion layer. However, when the space 
charge density increases, the free carrier density in the p-type base region also increases to 
10 decrease the emitter injection efficiency and therefore decrease the current gain hFE. As a result, 
a largpr base current is required for controlling the collector current 

That is, there is a problem that a tradeoff exists between the withstanding voltage of 

the device and the current gain hFE. 

The invention has been made in order to solve the problems as described above. It is 
15 an object of the inv«ition to provide a high withstanding voltage sranioonductor device having a 

high current gain hFE. 

To achieve the object, according to a first aspect of the invention, a semiconductor 
device comprises: a coUector region of a first conduction type; an emitter region of the first 
conduction type; and a base region of a second conduction type opposite to the first conduction 
20 type located between the coUector region and the emitter region, wherein the free carrier density 
of the base region where no depletion layer is formed is smaUer than the space charge density of 
a depletion layer formed in the base region. 

According to a second aspect of the invention, a semiconductor device comprises: a 
coUector region of a first conduction type; an emitter region of the first conduction type; and a 
25 base region of a second conduction type opposite to the first conduction type located between 
tiie coUector region and the emitter region, wherein tiie base region indudes a punch-tiirough 
stop region of the second conduction type adj acent to the emitter region, and wherein the free 
carrier density of the punch-tiirough stop layer where no depletion layer is formed is smaUer 
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than the space charge density ofadepleticm layer formedmthepundi-tt^^^ 

According to a third aspect of the invention, a semiconductor device comprises: a 
coUector region of a first conduction type; and a base region of a second conduction type 
opposite to the first conduction type fomied on the coUector region; and an emitter region of the 
5 first conduction type formed on the base region, wherein the coUector region, the base region 
and the emitter regiou are made ofasiUcon carbide semiconductor, wherein thebaseregi^ 

doped with boron. 

According to a fourth aspect of the invention, there is provided a manufectuiing 
method of manufacturingasemiconductordevi^ according to thefirst aspect of the m^^^ 
10 themanufecturingmethodcompiisingifomiingthebaseregionbyuseofafiistimpuri^ 

second conduction type whidi serves to generate an in5>urity level with a predetemiined depth 
fiom the edge of the band g^ of a base semiconductor material of the semiconductor device 
while the free carrier density is smaUer than the space charge density by a predetermined value. 

According to a fifth aspect of the invention, there is provided a manufacturing method 
15 ofmanufecturingasemiconductordeviceaccordingtothefirstaspertoftheinventi^ 

manufacturingmethod comprising: fomiingthebaseregionby use of at leastafirstimpm^^^ 

the second conduction type which serves to generate an impurity level with a predetermined 
depthfrom the edgpofthe band g^pofabase semiconductor material of the semiconductor 

device whUe the free carrier density is smaUer than the space diarge density by a predetermined 
20 value,andasecondimpurityoftheseoondconductiontypewhidiservestogeneratean 

impurity level with a depth from the edge of the band g^p of the base semiconductor material 
shaUowCT than the predetermined depth of the first impurity. 

According to a sixth aspect of the invention, there is provided a manufacturing method 
of manufacturing a semiconductor device according to the second aspec* of the invention, the 
25 manufacturingmethodcomprising: forming the base region; covering the base region with a 
mask; patterning the mask to fomi an opening through wWch part of the base region is exp^^^ 
forming the emitter region by doping thebase region with an impurity of the fir^ conduction 
type through the mask; and fommgapunch-through stop region by doping the base regi^^ 
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a first impurity of a second conduction type which serves to generate an impurity level with a 
predetemiined depth ftom the edge of the band gap of a base semiconductor material of the 
semiconductor device while the ftee carrier density is smaller than the space charge density by a 
predetermined value. 

5 

BRIEF DESCRIPnON OFTHE DRAWINGS 
The novel features beUeved diaiacteristic of the invention are set forth in the appended 
claims. Hie invention itself, however, as well as other features and advantages thereof wiU be 
best understood by reference to the detailed description of specific embodimaits which follows, 
10 when read in conjunction with the accompanying drawings, wherein: 

Fig. 1 is a cross sectional view showing the structure of an embodiment 1 of the 
saniconductor device in accordance with the invention; 

Figs. 2Ato 2E are cross sectional views showing one example of the manufecturing 
method of the silicon carbide semiconductor device in accordance with the embodiment 1; 
15 Fig. 3 is a cross sectional view showing the structure of an embodiment 2 of the 

semiconductor device in accordance with the inventioi^ 

Figs. 4Ato 4E are cross sectional views showing one example of the manufacturing 
metiiod of the siUoon carbide semiconductor device in accordance with the embodiment 2; 
Fig. 5 is a cross sectional view showing the stracture of an embodiment 3 of tiie 
20 semiconductor device in accordance witii the invention; 

Figs. 6Ato 6F are cross sectional views showing one example of tiie manufacturing 
metiiod of tiie silicon carbide semiconductor device in accordance witii tiie embodiment 3; 

Fig. 7 is a cross sectional view showing tiie structiire of an embodiment 4 of tiie 
semiconductor device in accordance witii tiie invention; 
25 Figs. 8Ato 8F are cross sectional views showing one example of tiie manufacturing 

metiiod of tiie siKcon carbide semiconductor device in accordance witii tiie embodiment 4; 

Fig. 9 is a cross sectional view showing tiie stituctiire of an embodiment 5 of tiie 
semiconductor device in accordance witii tiie inventior^ 
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Figs. lOAto lOE are cross sectional views showing one example of the manufacturing 
method of the silicon carbide semiconductor device in accordance with the embodiment 5 ; 

Rg. 11 is a aoss sectional view showing the stmcture of an embodiment 6 of the 
semiconductor device in accordance with the invention; and 
5 Figs. 12Ato 12E are cross sectional views showing one example of the manufacturing 

method of the silicon carbide semiconductor device in accordance with the embodiment 6. 

DESCMPnON OFTHE PREFERRED EMBODIMENTS 

Preferred embodiments in accordance with the invention will be explained below in 
10 conjunction with the accompanied drawings. In the drawings, like reference characters indicate 
functionafly like elements. While 4H-SiC is a representative polytype of siUcon carbide (SiQ 
for use in the following embodiments, other polytypes such as 6H-SiC and 3C-SiC can be used 
in the same maimer. 

Also, while the foUowing embodiments of the invention are described with a silicon 
15 carbide semiconductor as a base semiconductor material (die embodiments 1 through 5), or with 
a silicon semiconductor as a base semiconductor material (the embodiment 6), any other 
semiconductor such as GaAs, Ge, diamond andGaNcanbealsousedasabase semiconductor 
matoial for the same purpose of tiie invention. 

Furthermore, in the case of the fbUowing embodiments, a collector elertrode is always 
20 formed on a reverse, tail, or rare side or surface (hereafter called "rare surface") of a 

semiconductor substrate while an emitter electrode is formed on a firont, obverse, or principal 
side or surfece (hereafter called "prindpal surface") of the semiconductor substrate. However, 
the invention is applicable also, for example, to the strachire wherein a coUector electrode is 
arranged on the principal surface of the semiconductor substrate in the same manner as the 
25 emitter electrode to flow an electric current in the lateral direction. 

Still fiirther, in the case of the following embodiments, there are formed a coUector and 
an emitter region of n-type, and abase region of p-type. However, the combination of tiie 
conduction types is not limited tiiereto. For example, it is possft)le to form a collector and an 
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emitter region of p-type, and a base region of n-type. 
Embodiment 1: 

Rg. 1 is a cross sectional view showing the structure of an ranbodiment 1 of the 
semiconductor device in accordance with the invention. 
5 The present embodiment 1 is ^pUcable to a high voltage SiC semiconductor bipolar 

transistor in wiiidi a p-type base region is formed with boron as a dopant 

The high voltage SiC soniconductor device comprises an n-type epitaxial layer 20 
formed on an n'^-type SiC substrate 10 in order to provide a collector region therein and a p-type 
base region 30 formed within a preselected surface area of the n -type epitaxial layCT 20. 
10 The p-type base region 30 is doped with boron, whidi serves to generate a deep 

inq)urity level in the silicon carbide seaniconductor, and has the fiee canier daisity whidi is 
smaller than the space charge density of the depletion layer formed in the p-type base region 30 
by about two orders of magnitude. In accordance with O. Takemura, T. Kimoto, R Matsunami, 
T. Nakata, M. Watanabe and M. Lioue, Materials Sdeoce Forum \bls. 264-268 (1998), pp. 
15 701-704, boron serves to generate an impurity level approximately 0.3 eV higher than the top of 
the valence band of a silicon carbide semiconductor. 

The space diarge density of the depletion layer extending in the p-type base region 30 
is designed larger than the space diarge density of the depletion layer extending in the epitaxial 
layer 20 by one or more orders of magnitude. 
20 Hie hi^ voltage SiC semiconductor device further comprises an n*-type emitter 

region 40 and a p*-type base contact region 50 in the predetermined areas of the surface layer of 
the p-type base region 30. The n*-type emitter region 40 is connected to an emitter electrode 70. 
Also, the p*-type base contact region 50 is connected to a base electrode 80 while a collector 
electrode 90 is formed on the rare surface of the n*-type SiC substrate 10. Incidentally, an 
25 interlayer insulating fihn 60 is provided for interlayer insulation and also serves to protect and 
stabilize the respective surfaces and the junction sur£aces. 

As desCTibed above, the high voltage SiC semiconductor device in accordance with 
the present embodiment 1 comprises the n*-type SiC substrate 10 on which are provided the 
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coUector region in the n -type epitaxial layer 20, the p-type base region 30 formed on the 
collector region, the n*-type emitter region 40 formed on the p-type base region 30. Particularly, 
the fiee carrier density in the p-type base region 30 when no depletion layer is formed therein is 
smaller than the space charge density of a depletion layer when it is formed in the p-type base 
5 region 30. An n-type and a p-type are sometimes referred respectively to as a first conduction 
type and a second conduction type in this description. 

By this configuration, it is possible to resolve the conventional problem, relating to 
semiconductor devices, of the tiadeoS between the withstanding voltage of a device and tiie 
current gain hFE. Namely, while a smaller density of firee carriers is desired in order to obtain a 
10 high current g^in hFE, a larger space diarge density of the dq)letion layer is desired in order to 
avoid the degradation of the witiistanding voltage due to punch-through. The characteristics of 
the semiconductor device as described above resides in that tiie fiee carrier density is different 
ftom the space charge density in the base electrode. Particularly, the firee carrier density is 
smaUer tiian tiie space charge density. The semiconductor device differs greatiy fixjm tiie prior 
15 art senuconductor device in tiiis structure. As a result, in accordance with tiie present 
embodiment 1, it is possible to realize a hi^ speed switching device which has a low 
on-resistance and a high withstanding voltage. 

Particulariy, die fiee carrier density is smaller tiian the ^ace diarge density witiiin the 
p-type base region 30 by one or more orders of magnitude. By tiiis configuration, the overall 
20 flow of a usual manufecturing process can be used without difficulty to manufecture a siUcon 
carbide semiconductor device in which is improved the tradeoff existing between tiie 
witiistanding voltage of tiie device and tiie current ^in hFE. 

Furttiermore, by use of a silicon carbide semiconductor as a semiconductor substrate, 
it is possible with ease to secure a high witiistanding voltage, a high carrier mobility and a high 
25 saturated drift velocity as compared witii silicon semiconductors. For this reason, the silicon 
carbide semiconductor device can be used as a high speed switching device, a high power 
device and the like. 

Next, one example of die manufacturing metiiod of the silicon carbide semiconductor 
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device in accordance with the present embodiment 1 will be explained with reference to the 
ooss sectional views shown in Fig3. 2Ato 2E. 

First, in the step of Fig. 2A, an n -type SiC epitaxial layer 20 having a thickness of 1 to 
100^ is formed on an n'^-type SiC substrate 10 as a coUector region with a dopant 

5 concentration of 1 x 10^"* to 1 x 10^^ cm"^. 

In the step of Fig. 2B, a p-type base region 30 is formed within the n" -type SiC 
epitaxial layer 20 by injecting boron ions 130 through a mask 120 according to a multi-step 
ion-implantation with an accelerating voltage of 10 keV to 3 MeV at a high temperature, for 
example, 100 to 1000°C . The total dose amount is for example 10^^ to 10^^ cm'^. 

10 In the step of Fig. 2C, an n*-type ranittCT region 40 is formed wiAin the p-type base 

region 30 by injecting thereto phosphor ions 131 through a mask 121 according to a multi-step 
ion-implantation with an accelerating voltage of 10 keV to 1 MeV at a high temperature, for 
example, 100 to 1000°C . The total dose amount is for example 10*^ to 10^^ cm'^ Needless to say, 
besides phosphonis, nitrograi, arsenicum and the like can be used as an n-type impurity. 

15 In the step of Fig. 2D, a p*-type base contact region 50 is formed within the p-type 

base region 30 by injecting thereto aluminum ions 132 through a mask 122 according to a 
multi-step ion-implantation with an accelerating voltage of 10 keV to 1 MeV at a high 
temperature, for example, 100 to lOOO'C . The total dose amount is for example 10^"^ to 10^^ 



cm . 



20 Incidentally, the p*-type base contact region 50 is preferably formed with an impurity 

which can be used to generate a shallow impurity level in the silicon carbide semiconductor and 
therefore aluminum is used for this purpose in the present embodiment 1. In accordance with O. 
Tbkemura, T. Kimoto, R Matsunami, T. Nakata, M. Watanabe and M. Ihoue, Materials Sdence 
Forum Vols. 264-268 (1998), pp. 701-704, aluminum serves to generate an impurity level 0.2 

25 eV higher than the top of the valaice band. 

Also, needless to say, the sequential order of the above ion-implantation steps of 
forming the respective regions can be changtsd so that, for exanq)le, phosphor ions can be first 
implanted for forming the n^-type emitter region 40. 
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In the step of Fig. 2E, a thermal treatment is given to the silicon caibide semiconductor, 
for example, at 1(X)0 to 1800°C in order to move impurity ions in the lattice positions of the 
silicon caibide semiconductor. 

Thereafter, not shown in the figure, after forming a CVD oxide fihn on the silicon 
5 caibide semiconductor as the interlayer film 60, contact holes arc opened through the CVD 

oxide fihn over the n*-type emitter region 40 and the p*-type base contact region 50 followed by 
forming the emitter electrode 70 and the base electrode 80 respectively in the contact holes to 
contact the n*-type emitter region 40 and the p*-type base contact region 50 respectively. A 
metal fihn is then formed on the rare surface of the n*-type SiC substrate 10 by evaporation and 
10 given thermal treatment, for example, at 600 to 1400°C to be the collector electKxie 90 an 
ohmic electrode. The siUcon caibide semiconductor device as illustrated in Fig. 1 is then 
completed in accordance with the embodiment 1. 

The silicon caibide semiconductor device in accordance with the present embodiment 
1 operates with the emitter electrode 70 being connected to ground and the coUector electrode 
15 90 being connected to a positive voltage Vc. 

hi this operating condition, when no voltage is appUed to the base electrode 80, the 
device has reverse bias characteristics of the PN diode between the p-type base region 30 and 
the n-type SiC epitaxial layer 20. 

In this case, while a depletion layer is formed extending in the epitaxial layer 20 in 
20 accordance with the collector voltage Vc, the depletion layer very Utde extends in the p-type 
base region 30. This is because the space charge density of the depletion layer extending in the 
p-type base region 30 is designed larger than the space chaige density of the depletion layer 
extending in the epitaxial layer 20 by one or more ordas of magnitude as desoiTsed above. The 
depletion layer extending in the p-type base region 30 will be explained later in detail. 
25 Hence, the current fiom the coUector electrode 90 to the emitter electrode 70 starts 

rapidly increasing only after the collector voltage Vc reaches the breakdown voltage Vb, but the 
depletion layer in the p-type base region 30 shall not extend to reach the n*-type emitter region 
40 to cause punch-through in advance of the breakdowa 
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On the other hand, when a positive voltage is applied to the base electrode 80 with a 
voltage appUed across the coUector and the emitter, positive holes are injected from the base 
electrode 80 into the p-type base region 30 (a base ciment starts flowing). At the same time, a 
largp amount of electrons move from the n*-type emitter region 40 to the p-type base region 30. 

5 If the free carrier density in the p-type base region 30 is large, positive holes are 

excessively injected from the p-type base region 30 into the emitter region 40 and therefore the 
emitter injection efiSdency decreases. Furthermore, if the free carrier density in the p-type base 
region 30 is large, a number of electrons are recombined with positive holes in the p-type base 
region 30 and therefore a smaller number of electrons reaches to the epitaxial layer 20. 

10 The present semiconductor device is formed with the p-type base region 30 doped 

with boron as described above, and therefore characterized in that the free carrier density thereof 
at room temperature is smaller than the space charge density of the depletion layer formed in the 
p-type base region 30 by about two orders of magnitude. For this reason, even if the space 
charge density of the depletion layer formed in the p-type base region 30 is so largp as to avoid 

15 punch-through, the free carrier density is smaller than the space charge density of the depletion 
layer at room temperature by about two orders of magnitude. 

As a result, a small number of the positive holes are injected from the p-type base 
region 30 to the emitter region 40 to increase the emitter injection efficiency, whereas a majority 
of electrons transported to the p-type base region 30 are passed to reach the n -type epitaxial 

20 layer 20. 

The majority of electrons are then absorbed into the epitaxial layer 20 in the electric 
field induced by the collector voltage and passed through the coUector electrode 90 as the 
collector current 

In the silicon carbide semiconductor device in accordance with the invention, as 
25 described above, the current passed between the coUector electrode 90 and the emitter electrode 
70 is controUed by adjusting the voltage appUed to the base electrode 80 whUe the coUector 
voltage Vc is Umited not to exceed the breakdown voltage Vb. The p-type base region 30 is 
formed with boron as a dopant which can be used to generate a deep impurity level within the 
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silicon carbide semiconductor and therefore the tradeoff made between the withstanding voltage 
and the current gain hFE is improved to provide a high speed switching device, which has a low 
on-resistance and a high withstanding voltage in a simple stnicturc, 

With a test device manufectured in accordance with the siUcon carbide semiconductor 
5 device of this embodiment 1, very high current gains hFE were measured as about 450 at the 
maximum. Also, the withstanding voltages were about 450 V. 

The manufacturing method in accordance with the preset embodiment 1 therefore 
includes at least the step of forming a p-type base region 30 by use of a first impurity of a 
second conduction type, that is p-type in this case, which serves to generate an impurity level 
10 with a predetermined depth ftom the edge of the band gap of the base semiconductor material 
(silicon carbide semiconductor in this case) while the above density of free caniers is smaller 
than the above space charge density by a predeteraiined value. By this configuration, it is 
possfcle to produce a high speed switching device, whidi has a low on-iesistance, a high 
withstanding voltage and a high current gain hFE without fear of causing punch-through, by the 
15 overall flow of a usual manufacturing process without substantial modification. 

Particularly, it is an experimental fact that, in the case of a p-type base region fiDrmed 
with the first impurity, the free carrier density is smaller than the space charge density of the 
depletion layer formed in the p-type base regioa If the first impurity is an impurity which is 
used to generate an impurity level so deep as not to release carriers even at a high temperature 
20 (for example, 300 °C ), the emitter injection efiBdency is suffidentiy large even at the high 
temperature to maintain a high current gain hFE. 

Also, since the semiconductor substrate is made of a siUcon carbide semiconductor, it 
is possible to secure a high withstanding voltage, a high carrier mobiUty and a high saturated 
drift velocity as compared with siUcon semiconductors. For this reason, the semiconductor 
25 device can be used as a high speed switching device, a high power device and the like. 

Also, the above first impurity is such an impurity which can be used to generate an 
impurity level apart from the edge of the band gap of the sihoon carbide semiconductor 
substrate by more than 250 meV. It is an experimraital feet that, in this condition, the fi:ee carrier 
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density at room temperature is certainly smaUer than a tenth of the space charge density thereof. 
Because of this, in accordance with the above configuration, it becomes easy to design and 
manufecture a siUcon carbide semiconductor device while the tradeoff made between the 
withstanding voltage and the current gain hFE is improved 

5 Also, since boron which is a typical semiconductor impurity can be used as the first 

in^urity, the manufecturing process can be easily designed. Furthermore, it is an experimental 
feet that the free carrier density becomes smaller than the space charge density by about two 
orders of magnitude by use of boron as the first impurity, which is effective to improve the 
tradeoff made between the withstanding voltage and the current gain hFE of the silicon carbide 

10 soniconductor device. 

Next, the improvanent of tradeoff between the withstanding voltage and the current 
gain hFE of the silicon carbide semiconductor device in accordance with the present 
embodiment 1 will be explained in more detail. 

TTie following is a description of the space char^ density and the fi^e carrier density 

15 in a dq>letion layer formed in an impurity region doped with an impurity v/inch serves to 
generate a deep impurity level. 

If NAis the space diarge density of a dq>letion layer formed in the p-type base region 
30, the daisity NA' of free carriers is calculated by the following equation (1) 



20 NA- = NA[1 + g- exp{q(EA - EFp)/kT}r' - (1) 

where EFp is the Fermi level of the p-type base region 30; EAis the impurity level; g is a 
degeneracy factor (4 is assigned thereto for the p-type semiconductor); k is the Boltzmann 
constant; and T is an absolute temperature. 
25 In the case of the silicon carbide semiconductor device according to the present 

anbodiment 1, the p-type base region 30 is formed by use of boron which serves to generate a 
deep impurity level (approximately 0.3 eV higher than the top of the valence band). When the 
space charge density NA of the p-type base region 30 is for example 5 X lO" cm'\ the density 
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NA' of free earners is 6 X lO^^cm"^ at nx)m temperature in accordance with the equation (1). 
This density NA' of free carriers is smaUer than the space charge density N A by about two 

ord^ of magnitude. 

Furthermore, in accordance with the experimental results the inventors actually 
5 conducted, when the space charge density NAof the p-type base region doped with boron was 5 
X 10^' cm'^ the free carrier density was measured to be about 2 X 10^^ cm'^ by Hall effect 

measurement. 

As described above, from the theoretical and experimental results, it is understood that, 
when an impurity region is formed by doping a semiconductor with an impurity serving to 

10 generate a deep impurity level, the free carrier density of the impurity region is substantially 
smaller than the space charge density of a depletion layer formed in the impurity region. 
Particularly, it is apparent that when an impurity region is formed by doping a silicon carbide 
semiconductor with boron, the free carrier density of the impurity region is smaller than the 
space diarge density of a depletion layer by about two orders of magnitude. This fact is appUed 

15 to the present semiconductor device to improve the tradeoff between the withstanding voltage 
and the current gain hFE of the sraniconductor device. 

Next, it is ejq)lained that the present semiconductor device is a high withstanding 
voltagp device in whidi punch-through does not occur. For example, it is assumed that the space 
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charge density of a depletion layer extending in the p-type base region 30 is NA = 5 x 10 cm" . 
20 It is also assumed that the space charge density ND of a depletion layer extending in die 

epitaxial layer 20 is 5 x 10^ on "^ which is smaller than the space charge density NAby about 

two orders of magnitude. 

In tiiis case, when an electric field is appUed to the junction between the epitaxial layer 

20 and the p-type base region 30, the width WD of the depletion layer extending in the epitaxial 
25 layer 20 and the width WAof the depletion layer extending in the p-type base region 30 satisfy 

the respective equation (2) 



na;nd=wd/wa 
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The width WAis a hundredth of the width WD so that the depletion layer between the 
epitaxial layer 20 and the p-type base region 30 has Uttle extension in the p-type base region 30, 
i.e., VlOO as compared with the extension in the epitaxial layer 20. As a result, in the case of the 
present embodiment 1, the depletion layer cannot extend in the p-type base region 30 to reach 
the emitter region 40 causing punch-through, m withstanding voltage is detennined by the 
reverse bias characteristics of the PN diode composed of the p-type base region 30 and the 
n -type epitaxial layer 20, and therefore the withstanding voltage of the device is high. 

FinaUy, it is explained how to achieve the high current gain hFE of the present 
semiconductor device without compromising the high withstanding voltage whidi inh&its 
pundi-through. 

In order to obtain a high current g^in hFE of such a bipolar transistor as the present 
embodiment 1, the free carrier density in the p-type base region 30 has to be decreased as low as 
possfljle. This is because the emitter injection efficiency is raised by decreasing the free carrier 
density so that electrons are less likely to recombine with holes in the p-type base region. 

In accordance with the present embodiment, even when the space cfaaigp density NA 
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of the depletion layer extending in the p-type base region 30 is increased to 5 x 10 an m 
order not to cause punch-through, the free carrier density NA is Umited to 6 x 10^' cm"^ which 
is smaller than the space charge density NA by about two orders of magnitude. Because of this, 
the present silicon carbide semiconductor device has a high emitter injection efiBdency and a 
low recombination probabihty of electrons in the p-type base region, and therefore a high 
currrat g9in hFE is obtained. Tht current g3in hFE was measured to be very high, for example, 
450 at the maximum as described above in coiijunction with the experimental results. 

When measuring the current gain hFE of a prototype siUcon carbide bipolar transistor 
the inventors made, the current gain hFE showed a tendency to decrease as the temperature 
increased, for example, as fFE = 450 at room temperature, fFE = 140 at 50°C and fFE = 40 at 
100°C and so forth. This is because, as the temperature increases, the free carrier density 
increases, the emitter injection efficiency decreases, and the recombination of electrons in the 
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p-type base region increases. This in turn means that the bipolar transistor in accordance with 
the present embodimrait is thermally stable. 

The following is a description that, when the free carrier density in the p-type base 
region 30 is smaller than the space charge density of the depletion layer formed in the p-type 
5 base region 30 by one or more orders of magnitude, it is easy to realize a silicon carbide 
semiconductor device by making use of the overall flow of a usual manufacturing process 
without difficulty while improving the tradeoff between the withstanding voltage and the 
current gain hFE. 

In the structure of the semiconductor device in accordance with the presait 
10 embodiment 1, due to the process restrictions, the base length is usually designed to be 1 /^m, for 
example, from 0.1 /an to Ifmi (which is the distance in the p-type base region from the emitter 
region 40 to the junction surfece between the epitaxial layer 20 and the p4ype base region 30). If 
the base length is smaller than this, sophisticated process control is needed in the steps of 
diffusion, ion-implantation, epitaxial growth and so forth. 
15 Also, taking into consideration the cunent g3in hFE and die conductivity modulation, 

the space charge density ND of the depletion layer formed in the epitaxial layer 20 is designed 

15 3 

usually of the order of 1 x 10 cm" . 

In order to realize a high withstanding voltage device, a depletion layer has to 
suffidaitiy extend in the epitaxial layer 20, such as WD = 10 /an, to prevent punch-through 
20 when an eledric field is appUed to the junction between the p-type base region 30 and the 

epitaxial layer 20. For this purpose, if WA = 1 /an in the equation (2) corresponding to the base 
length of 1 /on, for example, the space charge density NAof flie depletion layer formed in the 
p-type base region 30 has to be largpr tiian the space charge density ND of the depletion layer 

16 -3 

formed in the epitaxial layer 20 by one order of magnitude, i.e., of the order of 1 x 10 cm . 
25 On the other hand, in order to adiieve a large emitter injection efificiency, the free 

carrier density NA" in the p-type base region 30 has to be smaller tiian the space charge density 
NAof the depletion layer formed in the p-type base region 30 by one order of magnitude, i.e., of 
the order of 1 x 10^ cm ^ 
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Conversely, by satisfying the requirement that the ftee carrier density is smaUer than 
the space chargp density by one or more orders of magnitude, it is possible to let a depletion 
layer extend in the epitaxial layer 20 for 10 with a base length of 1 f4m, and then realize a 
siUcon carbide semiconductor device having a hi^ cunent gain hFE and a high emitter 

5 injection efficiency. 

If an impurity level is generated apart from the edge of the band ^p of the siUcon 
carijide semiconductor substrate by more than 250 meV, in accordance with the equation (1), it 
is possible to satisfy the requirement that the free carrier density at room temperature is smaller 
than the space charge density by one or more orders of magnitude. 

10 Incidentally, although not used in the present embodiment 1, Ga (gallium). In (indium), 

Tl (thaUum) and the like can be used in place of boron for the purpose of generating an impurity 
level apart from the edgp of the band gap of the siUoon carbide semiconductor substrate by more 
than 250 meV. 

Also, while the n*-type emitter region 40 and the p*-type base contact region 50 are 
15 formed in the surfece layer of the p-type base region 30 in the case of the power bipolar 

transistor according to the embodiment 1 as illustrated in Fig. 1, the p*-type base contact region 
50 can be dispensed with by forming the base electrode 80 as an ohmic electrode whidi is in 
direct contact with the p-type base region 30. 
^bodiment 2: 

20 Fig. 3 is a cross sectional view showing the structure of an embodiment 2 of the 

semiconductor device in accordance with the invention. 

Hie present embodiment 2 is appUcable to a high voltage SiC semiconductor bipolar transistor 
in whidi a p-type base region is formed with boron as a dopant 

The high voltage SiC semiconductor device comprises an n -type epitaxial layer 20 
25 formed on an n^-type SiC substrate 10 in order to provide a coUector region therein, and an 

epitaxial layer which is formed on the n -type epitaxial layer 20 in order to provide a p-type base 
region 31. 

The high voltage SiC semiconductor device further comprises an n*-type emitter 
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region 40 and a p*-type base contact region 50 in the predetermined areas of the surface layer of 
the p-type base region 31. The n*-type emitter region 40 is connected to an emitter electrode 70. 
Also, the p*-type base contact region 50 is connected to a base electrode 80 while a collector 
electrode 90 is formed on the rare suifece of the n*-type SiC substrate 10. InddentaUy, an 
5 interlayer insulating fiOm 60 is provided for interlayer insulation and also serves to protect and 
stabilize the respective sur&ces and the junction surfaces. 

The difference of the present embodiment 2 from the embodiment 1 as illustrated in 
Fig. 1 resides in that flie p-type base region 31 is not formed by ion-implantation but is formed 
by epitaxial growth with a predetermined impurity as a dopant Because of this, there are a very 
10 smaU number of lattice defects in the p-type base region 31 and in the vicinity of the junction 
interfece betweai the p-type base region 31 and the epitaxial layer 20, so that there is a fiirther 
advantage, in the case of the present embodiment 2, that the withstanding voltage and the 
current gain hFE are furthermore improved as compared with the anbodiment 1. 

Next, one example of the manufacturing method of the silicon carbide saniconductor 
15 device in accordance with the presort embodiment 2 will be explained with reference to the 
aoss sectional views shown in Figs. 4Ato 4E. 

First, in the step of Rg. 4A, an n -type SiC epitaxial layer 20 having a thickness of 1 to 
100 Atm is formed on an n*-type SiC substrate 10 as a collector region with a dopant 
concentration of 1 x 10*"* to 1 x 10^* cm'^ 
20 fa the step of Fig. 4B, a p-type base re^on 31 is formed with a dopant concentration of 

1 X 10^"* to 1 X 10^* cm"^ on the n"-type SiC epitaxial layer 20 by epitaxial growth to a thickness 
of 0.1 to 10 A«n. The raw material gas is for example SiH4 and CaHs. During the epitaxial 
growth process, a dopant gas sudi as B2H6 is used together therewith. 

hiddentally, Ga (gallium), In (indium), Tl (thalium) and the like can be used in place 
25 of boron for the purpose of generating a deep impurity level in the silicon carbide semiconductor, 
and thoefore one of these impurities can also be used as a dopant, in the form of an appropriate 
dopant gas, for doping the epitaxial layer during its q)itaxial growth. 

In the step of Fig. 4Q an n*-type emitter region 40 is formed within the p-type base 
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region 31 by injecting phosphor ions 131 through a mask 121 according to a multi-stq> 
ion-implantation with an accelerating voltage of 10 keV to 1 MeV at a high temperature, for 
example, 100 to lOOO'C . Ihe total dose amount is for example lO"^ to 10^^ cm l Needless to say, 
besides phosphonis, nitrogen, arsenicum and the like can be used as an n-type impurity. 
5 In the step of Fig. 4D, a p*-type base contact region 50 is formed within the p-type 

base region 31 by injecting aluminum ions 132 through a mask 122 according to a multi-step 
ion-implantation with an accelerating voltage of 10 keV to 1 MeV at a high tonperature, for 
example, 100 to lOOO'C . TTie total dose amount is for example 10^^ to 10^* cm\ 

Inddentally, the p*-type base contact region 50 is preferably formed with an impurity 
10 which can be used to generate a shallow impurity level in a siUcon carbide semiconductor and 
therefore aluminum is used for this purpose in the present embodimrait 2. 

Also, needless to say, the sequential order of the above ion-implantation st^ of 
forming the respective regions can be changed so that aluminum ions can be first implanted for 
forming the p*-type base contact region 50. 
15 In the step of Fig. 4E, a thermal treatment is given to the siHoon carbide semiconductoi; 

for example, at 1000 to 1800'C in order to move impurity ions in the lattice positions of the 
silicon carbide semiconductor. 

Thereafter, not shown in the figure, after forming a CVD oxide fikn on the silicon 
carbide semiconductor as the interlayer fihn 60, contact holes are opened through the CVD 
20 oxide fihn over the n*-type emitter region 40 and the p*-type base contact region 50, followed 
by forming the emitter electrode 70 and the base electrode 80 in contact with the n*-type emitter 
region 40 and the p*-type base contact region 50 respectively through the contact holes. Ametal 
film is then formed on the rare surfece of the n*-type SiC substrate 10 by evaporation and given 
thermal treatment, for example, at 600 to 1400'C to be the collector electrode 90 an ohmic 
25 electrode. The siUcon carbide semiconductor device as illustrated in Fig. 3 is then completed in 
accordance with the embodim^t 2. 

As desCTibed above, in the case of the manufacturing method according to the present 
embodiment 2, the p-type base region 31 is formed by semiconductor epitaxial growth for 
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example with boron as a dopant Accordingly, it is possible to form the junction interface 
between the base region and the collector region by semiconductor epitaxial growth and 
therefore to decrease the number of lattice defects existing in the base region and the junction 
interface between the base region and the ooUector region. Because of this, the withstanding 
5 voltage and the current gsin hFE of the semiconductor device are fiirthermore increased. 
Embodiments: 

Fig. 5 is a ooss sectional view showing the stmcture of an embodiment 3 of the silicon 
carbide semiconductor device in accordance with the invention. 

The present embodiment 3 is appUcable to an SiC high voltage bipolar transistor in 
10 which a p-type base region is fonned with boron and aluminum as dopants. 

The SiC hi^ voltage bipolar transistor comprises an n -type epitaxial layer 20 fonned 
on an n*-type SiC substrate 10 in order to provide a coUector region therein, and an epitaxial 
layer which is formed on the n -type epitaxial layer 20 in order to provide a p-type base region 
32. 

15 Hiis p-type base region 32 is formed by epitaxial growth with an impurity (boron in 

this case) which serves to generate a deep impurity level to form the epitaxial layer to be a 
p-type region, followed by ion-implantation with an impurity (aluminum in this case) which 
serves to generate a shallow impurity level into the entirety of the p-type region. 

The higji voltage SiC semiconductor device further comprises an n*-type emitter 

20 region 40 and a p*-type base contact region 50 in the predetermined areas of the surface layer of 
the p-type base region 32. The n^-type emitter region 40 is connected to an emitter electrode 70. 
Also, the p*-type base contact region 50 is connected to a base electrode 80 while a coUector 
electrode 90 is formed on the rare surface of the n*-type SiC substrate 10. Incidentally, an 
interlayer insulating film 60 is provided for interlayer insulation and also serves to protect and 

25 stabilize the respective surEaces and the junction surfaces. 

Hie difference of the present embodiment 3 fitom the embodiment 2 as iUustrated in 
Fig. 3 resides in that an impurity (aluminum in this case) which serves to generate a shallow 
impurity level is ion-implanted into the entirety of the p-type base region 32 fomaed on the 
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n -type epitaxial layer 20 by epitaxial growth with an impurity (boron in this case) whidi serves 
to generate a deep impurity level. 

In the case of the embodiment 2, the depth of the impurity level generated by the 
impurity as used limits the ftee carrier density in the p-type base region 31 and the space charge 
density of the depletion layer formed in the p-type base region 31. That is, when the space 
chargp density is determined, the free carrier density is then automaticaUy determined by the 
space charge density. 

However, in the case of the present embodiment 3, it is possible by making use of at 
least two impurities to deteraiine the space charge density and the free carrier density 
independent from each other. Namely, while the space charge density of the depletion layer 
farmed in the p-type base region 32 is determined by an impurity which serves to generate a 
deep impurity level, the free carrier density in the p-type base region 32 is detamined by an 
impurity which serves to generate a shallow impurity level. In other words, the space charge 
density and the free carrier doisity can be freely selected separate independent from each other. 
For this reason, it is possMe to furthermore improve the tradeoff between the withstanding 
voltage and the current gain as compared with the embodiment 2. 

Particularly, if the impurity which serves to generate a deep impurity level is an 
impurity which is used to generate an impurity level so deep, for example 0.7eV apart from the 
valence band edge, as not to generate carriers even at a high temperature (fox example, 300 °C), 
the emitter injection efficiency is suffidentty large even at the hi^ temperature to maintain a 

high current gain hFE. 

Next, one example of the manufacturing method of the siUcon carbide semiconductor 
device in accordance with the present embodiment 3 will be explained with reference to the 
CTOSS sectional views shown in Figs. 6Ato 6F. 

First, in the step of Fig. 6A, an n-type SiC epitaxial layer 20 having a tiuckness of 1 to 
100 Am is formed on an n*-type SiC substrate 10 as a coUector region with a dopant 

concentration of 1 x lO*'* to 1 x 10^* cm'^. 

Intiiestepof Fig. 6B, a p-type base region 32 is formed with a dopant concentration of 
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1 X lO^'* to 1 X 10^^ cm"^ on the n -type SiC epitaxial layer 20 by epitaxial growth to a thickness 
of 0.1 to 10^. The raw material gas is for example SiH4 and CaHg. During the epitaxial 
growth process, a dopant gas such as B2H6 is used together therewith. 

hiddentally, Ga (gallium). In (indium^ H (thalium) and the like can be used in place 
5 of boron for the purpose of generating a deep impurity level in the silicon carbide sraniconductor, 
and therefore one of these impurities can also be used as a dopant, in the form of an appropriate 
dopant gas, for doping the epitaxial layer during its epitaxial growtii. 

In the stq) of Fig. 6C, aluminum ions 133 are implanted in the p-type base region 32 
of the epitaxial layer at a high temperature, for example, 100 to 1000°C with an accelerating 
10 voltage of 10 keV to 3 MeV. Tlie total dose amount is for example 10^° to 10^ cm l 

In the step of Fig. 6D, an n*-type emitter region 40 is formed within the p-type base 
region 32 by injecting phosphor ions 131 through a mask 121 according to a multi-step 
ion-implantation with an accelerating voltage of 10 keV to 1 MeV at a high temperature, for 
example, 100 to lOOO'C . Hie total dose amount is for example lO" to 10^^ cm\ Needless to say, 
15 besides phosphorus, nitrogen, arsenicum and the like can be used as an n-type impurity. 

In the step of Fig. 6E, a p*-type base contact region 50 is formed within the p-type 
base region 32 by injecting aluminum ions 132 through a mask 122 according to a multi-step 
ion-implantation with an accelerating voltage of 10 keV to 1 MeV at a high temperature, for 
example, 100 to lOOO'C . ITie total dose amount is for example lO^'* to 10^^ cm"^ 
20 Incidentally, the p*-type base contact region 50 is preferably formed with an impurity 

which can be used to generate a shallow impurity level in a silicon caibide semiconductor and 
therefore aluminum is used for this purpose in the present embodiment 3. 

Also, needless to say, the sequential order of the above ion-implantation steps of 
forming the respective regions can be changed so that aluminum ions can be first implanted for 
25 forming the p*-type base contact region 50. 

In the step of Fig. 6F, a thermal treatment is given to the silicon carbide semiconductor, 
for example, at 1000 to 1800'C in order to move impurity ions in the lattice positions of the 
silicon carbide semiconductor. 



22 

Thereafter, not shown in the figure, after fonning a CVD oxide film on the sflicon 
carbide semiconductor as the interlayer film 60, contact holes are opened through the CVD 
oxide fihn over the n*-type emitter region 40 and the p*-type base contact region 50, followed 
by forming the emitter electrode 70 and the base electrode 80 in contact with the n*-type emitter 
region 40 and the p^-type base contact region 50 respectively through the contact holes. Ametal 
film is then formed on the rare surface of the n*-type SiC substrate 10 by evaporation and given 
thermal treatmait, for example, at 600 to 1400°C to be the coUector electrode 90 an ohmic 
electrode. The siUcon carbide semiconductor device as illustrated in Fig. 5 is then completed in 
accordance with the embodiment 3. 

While the p-type base region 32 is formed by epitaxial growth with an impurity 
serving to generate a deep impurity level foUowed by ion-implantation with a shallow impurity 
level in accordance with the present embodiment 3, both a deep impurity level and a shallow 
impurity level are formed by ion-implantation of the respective impurities to form the p-type 
base region. 

As described above, in the case of the manufacturing method according to the present 
embodiment 3, the p-type base region 32 is formed by use of at least two impurities, i.e. a first 
impurity of a second conduction type which serves to generate an impurity level with a 
predetermined depth ftom the edge of the band g^p of the base semiconductor material while 
the above density of ftee carriers is smaller than the above space chargp density by a 
predetermined value, and a second impurity of the second conduction type which serves to 
generate an impurity level with a depth from the edge of the band gap of the base semiconductor 
material shallower than the predetermined depth of the first impurity. It is therefore possible to 
determine the space charge density of the base region by use of the first impurity and determine 
the free carrier density of the base region by use of the second impurity. As a result, whfle the 
free carrier density is determined by the depth of an impurity level generated by the first 
impurity when the space charge density is detennined in accordance with the manufacturing 
method of the embodiment 1, the free carrier density and the space charge density can be 
independentiy determined in accordance with the present embodiment. Accordingly, it is 
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possible to furthennore improve the tradeoff between the withstanding voltage and the cunent 

gain as compared with the embodiment 1. 

Namely, in accordance with the present embodiment 3, an impurity level is formed by 

the second impurity at a position shallower than the position 250 meV apart fix)m the edge of flie 
5 band gap. The difference between the free carrier density and the space diaige density in the 

case of the second impurity is anall and therefore a necessary density of free carriers can be 

obtained by a small dose amount to make it easy to control the free carrier density. 

Furthermore, in accordance with the present embodimoit 3, since aluminum whidi is 

a typical semiconductor impurity can be used, the manufacturing process can be designed 
10 without difBculty. Still further, since aluminum serves to generate an impurity level 0.2 eV 

higher than the top of the valence band, the difference between the free carrier density and the 

space charge density is small and therefore a necessary denaty of free carriers can be obtained 

by a small dose amount to make it easy to control the free carrier density. 

Embodiment 4: 

15 Fig. 7 is a cross sectional view showing the stracture of an embodiment 4 of the silicon 

carbide semiconductor device in accordance with the invention. 

The present embodiment 4 is applicable to an SiC high voltage bipolar transistor 
provided with a punch-throu^ stop layer. 

The SiC high volta^ bipolar transistor comprises an n -type epitaxial layer 20 formed 
20 on an n*-type SiC substrate 10 in order to provide a collector re^on therein, and a p-type base 
region 33 formed within a preselected surface area of the n" -type epitaxial layer 20. This p-type 
base region 33 is fonned with aluminum as a dopant \^*idi serves to gemerale a shallow 
impurity level in the silicon carbide semiconductor. 

The high voltage SiC semiconductor device further comprises an n*-type emitter 
25 region 40 and a p*-type base contact region 50 in the predetermined areas of the surface layer of 
the p-type base region 33. The n*-type emitter region 40 is provided with a p-type 
punch-through stop region 100 just under tfie n*-type emitter region 40. This p-type 
punch-through stop region 100 is formed with boron as a dopant which can be used to generate 
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a deep impurity level within the siUcon carbide semicxjnductor and therefore characterized in 
that the ftee carrier density thereof at room temperature is smaller than the space charge density 
of the depletion layer formed in the p-type punch-through stop region 100 by about two orders 
of magnitude. 

5 Furthermore, the space charge density of the depletion layer extending in the p-type 

punch-through slop region 100 is designed larger than the space charge density of the depletion 
layer extending in the epitaxial layer 20 by one or more orders of magnitude as described above. 

The n*-type emitter region 40 is connected to an emitter electrode 70. Also, the p*-type 
base contact region 50 is connected to a base electrode 80 while a coUector electrode 90 is 
10 formed on the rare surface of the n*-type SiC substrate 10. Mddentally, an interlayer insulating 
film 60 is provided for interlayer insulation and also serves to protect and stabilize the respective 
surfaces and the junction surfaces. 

The difference of the present embodiment 4 fiom the embodiment 1 as illustrated in 
Fig. 1 resides in that the p-type punch-through stop region 100 is formed in the p-type base 
15 region 33 just under the n*-type emitter region 40. Another difference resides in that the p-type 
base region 33 is formed with an impurity, for example aluminum, which serves to generate a 
shallow impurity level in the silicon carbide semiconductor by ion-implantation. 

In this case, the space charge density of the depletion layer extending in the p-type 
base region 33 is designed larger than the space chargp density of the depletion layer extending 
20 in the p-type punch-through stop region 100. By this configuration, it is possfl)le not only to 
prevent pundi-through fiom occurring between the p-type punch-through stop region 100 and 
the emitter region 40 but also to lessen the electric field concentration at the edge of the p-type 
punch-through stop region 100 by the depletion layer extending in the p-type base region 33 
even if the space charge density extending in the p-type punch-through stop region 100 is 
25 increased. Because of this, whfle there is a problem in the case of the embodiment 1 that an 
electric field is concentrated to the comer of the p-type base region 30 to decrease the 
withstanding voltage when the space charge density of the depletion layer extending in the 
p-type base region 30 is designed high, this problem is solved by the present embodiment 4 to 
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realize a semiconductor device with a higher withstanding volt^. 

In the case of the present embodiment 4, the semiconductor substrate comprises the 
coUector region of the n -type epitaxial layer 20, the p-type base region 33 fonned on the 
collector region, the n*-type emitter region 40 formed on the p-type base region 33, and the 
5 p-type punch-through stop region 100 foraied within the n^-type emitter region 40 just under the 
n^-type emitter region 40, wherein the free carrier density of the p-type punch-through stop 
region 100 where no depletion layer is fcmned is smallo" than the space charge density of a 
depletion layer formed in the p-type pundi-through stop region 100. Accordingly, in the case of 
the present embodiment 4, the p-type punch-through stop region 100 is formed just under the 
10 n*-type emitter region 40 with a high space charge density, and therefore it is possible to prevent 
punch-through and decrease the space chaigp density of the base region as compared with the 
s^conductor device in accordance with the embodiment 1. 

Namely, the space charge density of the p-type base region 33 is smaller than the space 
charge density of the p-type pundi-through stop region 100. The smaller space diarge density of 
15 the base region is effective to lessen the concentration of an electric field to the comer of the 

p-type punch-thiough stop region 100 by a depletion layer extending in the base region adjacent 
to the p-type punch-through stop region 100, and therefore it is possible to manufacture a 
SMnioonductor device having a higher withstanding voltage. 

Hie ftee carrier density of the p-type punch-through stop region 100 is smaller than 
20 the space charge density thereof by one or more orders of magnitude. By this configuration, the 
overall flow of a usual manufacturing process can be used without difSculty to manufacture a 
silioon carbide semiconductor device in which is improved the tradeoff existing between the 
withstanding voltage of the device and the current gain hFE. 

Next, one example of the manufacturing method of the siHcon carbide semiconductor 
25 device in accordance with the present embodiment 4 wiU be explained with reference to the 
CTOSS sectional views shown in Figs. 8Ato 8R 

First, in the step of Fig. 8A, an n -type SiC epitaxial layer 20 having a thidmess of 1 to 
100/^ is formed on an n*-type SiC substrate 10 as a ooUector region with a dopant 
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concentration of 1 x lO^'* to 1 x 10^^ cm'^ 

In the step of Fig. 8B, a p-type base region 33 is formed within the n-type SiC 
epitaxial layer 20 by injecting aluminum ions 134 through a mask 120 according to a multi-step 
ion-implantation with an accelerating voltagp of 10 keV to 3 MeV at a high temperahire, for 
5 example, 100 to 1000°C . The total dose amount is for example 10^^ to 10^ cxc[\ 

In this case, tiie p-type base region 33 is fomed by ion-implantation, preferably witii 
an impurity whidi can be used to gaierate a shallow impurity level in tiie siUcon carbide 
semiconductor and therefore aluminum is used for this purpose in the present embodiment 4. Of 
course, boron, Ga (galUum), In (indium), Tl (thalium) and tiie like can be used in place of 
10 aluminum for the same purpose, as long as the necessary relationship between the shallow 
impurity level and the deep impurity level as described above is established, taking into 
consideration the impurity subsequentiy used to form a p-type punch-through stop region. 

In tiie step of Fig. 8C, a p-type pundi-tiirough stop region 100 is formed within the 
p-type base region 33 by injecting tiiereto boron ions 130 tiirough a mask 121 according to a 
15 multi-step ion-implantation with an accelerating voltage of 10 keV to 3 MeV at a high 

temperature, for example, 100 to lOOO'C . The total dose amount is for example lO" to 10^** 



Of course, Ga (gaUium), In (indium), H (tiialium) and tiie like can be used in place of 
boron, as long as tiie necessary relationship between tiie shallow impurity level and ttie deep 
20 impurity level as described above is established, taking into consideration tiie impurity 
subsequentiy used to tiie p-type base region 33. 

In tiie step of Fig. 8D, an n*-type emitter region 40 is formed by injecting phosphor 
ions 131 tiirough flie same mask 121 according to a multi-step ion-implantation witii an 
accelerating voltagp of 10 keV to 1 MeV at a high temperature, for example, 100 to lOOO'C . 
25 The total dose amount is for example 10^^ to 10^^ cm\ Needless to say, besides phosphonis, 
nitrogen, arsenicum and tiie like can be used as an n-type impurity. 

In tiie step of Fig. 8E, a p*-type base contact region 50 is formed witiiin tiie p-type 
base region 33 by injecting ttiereto aluminum ions 132 tiirough a mask 122 according to a 
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multi-step ion-implantation with an accelerating voltage of 10 keV to 1 MeV at a high 
temperature, for example, 100 to lOOO'C . The total dose amount is for example 10^"^ to 10^^ 
an . 

Incidentally, the p''-type base contact region 50 is preferably formed with an impurity 
5 which can be used to generate a shallow impurity level in the silicon carbide semiconductor and 

therefore aluminum is used for this purpose in the present embodiment. 

Also, needless to say, the sequential order of the above ion-implantation steps of 

forming the respective regions can be changed so that, for example, aluminum ions can be first 

implanted for forming the p"'-type base contact region 50. 
10 In the step of Fig. 8F, a thermal treatment is given to the silicon carbide semiconductor, 

for example, at 1000 to 1 800"C in order to move impurity ions in the lattice positions of the 

silicon carbide semiconductor. 

Thereafter, not shown in the figure, after forming a CVD oxide fihn on the silicon 

carbide semiconductor as the interlayer fikn 60, contact holes are opened throu 
15 oxide fihn over the n*-type emitter region 40 and the p*-type base contact region 50 followed by 

forming the OTiitter electrode 70 and the base electrode 80 respectively in the contact holes to 

contact the n''-type emitter region 40 and the p'^-type base contact region 50 respectively. A 

metal fihn is then formed on the rare surface of the n^-type SiC substrate 10 by evaporation and 

given thermal treatment, for example, at 600 to 1400"C to be the collector electrode 90 an 
20 ohmic electrode. The silicon carbide semiconductor device as illustrated in Fig. 7 is then 

completed in accordance with the embodiment 4. 

In accordance with the present embodiment 4, as described above, the withstanding 

voltage is further improved as compared with the embodiment 1. Furthermore, since the emitter 

region and the punch-through stop region can be formed with the same mask, the manufacturing 
25 process is simplified as compared with a usual manufacturing process making use of two 

masks. 

The emitter region and the punch-through stop region can be formed without 
misaUgnment and therefore it is possible to surely avoid punch-through. 
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While the p-type base region 33 is fonned by ion-implantation of aliimintim in 
accordance with the present embodiment 4, it can be formed by epitaxial growth with an 
appropriate dopant gas sudi as TMA (A1(CH3)3). 

As described above, the manufacturing method in accordance with the present 
5 embodiment 4 includes a step of forming the p-type base region 33, a step of covering the 
semiconductor substrate with the mask 121, a step of patteming the mask 121 in order to form 
an opening through which a surface of the p-type base region 33 is exposed, a step of forming 
the n'^-type emitter region 40 by doping the p-type base region 33 with phosphor ions 131 
through the mask 121 as an impurity, and a step of forming the p-type punch-through stop 
10 region 100 by doping the p-type base region 33 just under the n^-type emitter region 40 with 
boron as a first impurity of a second conduction type which serves to generate an impurity level 
with a predetermined depth fiom the edge of tiie band gap of the base semiconductor material 
while the above density of free carriers is smaller than the above space charge density by a 
predetermined value. Some steps can be exchanged in any possible order as explained above. 
15 For example, either one of the p-type punch-through stop region 100 and the n'*"-type emitter 
region 40 can be formed in advance of the other. By this configuration, the n^-type emitter 
region 40 and the p-type punch-tiirough stop region 100 can be formed with the same mask, the 
manufacturing process is simplified as compared with a usual manufacturing process making 
use of two masks. Also, the emitter region and the punch-through stop region can be formed 
20 without misalignment and therefore it is possible to surely avoid pundi-through in tiie 
semiconductor device as manufactured. 

Furthermore, the p-type base region 33 is formed with the second impurity of the 
second conduction type which serves to generate an impurity level with a depth fix)m the edge 
of the band gap of the base semiconductor material shallower tiian the depth of an impurity level 
25 generated by the first impurity By tiiis configuration, it is possible to determine tiie space charge 
density of the pundi-flnough stop region by use of tiie first impurity and determine the free 
carrier density of tiie base region and tiie punch-tiirough stop region by use of tiie second 
impurity. Because of this, while tiie free carrier density of the punch-through stop layer is 
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determined by the depth of an impurity level generated by the first impurity when the space 
charge density of the punch-through stop region is determined in accordance with other 
manufecturing methods by making use of only one impurity, the firee carrier density and the 
space charge density can be independentty determined in accordance with the present 
embodiment. Accordingly, it is possMe to fiirthennore improve the tradeoff between the 
withstanding voltage and the current gain as compared with other manufecturing methods by 
rnflldng use of only one in^urity. 

Incidentally, while the p-type base region 33 is formed by ion-implantation of 
aluminum ions 134 in the step of Fig. 8B, it is also possible to for the base region by 
semiconductor epitaxial growth in the same manner as in the embodiment 2. By this 
configuration, it is possiT^le to form the junction interface between the base region and the 
coUector region by semiconductor epitaxial growth and therefore to decrease the number of 
lattice defects existing in the base region and the junction interface between the base region and 
the coUector region. The withstanding voltage and the current gain hFE of the semiconductor 
device are therefore furthermore increased as compared with a semiconductor device having a 
base region formed by ion-implantation. 
Embodiment 5: 

Hg. 9 is a cross sectional view showing the stmcture of an embodiment 5 of the 
semiconductor device in accordance with the inventioa Ihe present embodiment 5 is appU^^^^ 

to an SiC high voltage thyristor. Hie difference of the present embodiment 5 firom the 
embodiment 1 as illustrated in Fig 1 resides in that the n*-type SiC substrate 10 is replaced by a 
p*-type SiC substrate 110 to make the semiconductor device a so-called thyristor 

The SiC high voltage thyristor comprises an n'-type epitaxial layer 20 formed on the 
p*-type SiC substrate 110 and a p-type base region 30 formed within a preselected surface area 

of the n" -type epitaxial layer 20. 

The p-type base region 30 is doped with boron, which serves to generate a deep 
impurity level (impurity level approximately 0.3 eV higher than the top of the valence band) in 
the silicon carbide semiconductor, and has the ftee carrier density which is smaller than the 
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space chaige density of the depletion layer formed in the p-type base region 30 by about two 
orders of magnitude. 

The space charge density of the dq>letion layer extaiding in the p-type base region 30 
is designed larger than the space charge density of the depletion layer extending in the q)itaxial 
5 layer 20 by one or more orders of magnitude. 

The high voltage SiC semiconductor device fiirther comprises an n*-type cathode 
(emitter) region 40 and a p*-type gate (base) contact region 50 in the predetemiined areas of the 
surface layer of the p-type base region 30. The n*-type cathode region 40 is connected to an 
cathode (emitter) electrode 70. Also, the p*-type gate region 50 is connected to a gate (base) 
10 electrode 80 while an anode electrode 90 is formed on the rare surface of the p'^-type SiC 

substrate 110. Incidentally, an interlayer insulating film 60 is provided for interiayer insulation 
and also serves to protect and stabilize the respective surfaces and the junction surfeces. 

Next, one example of the manufacturing method of the silicon carbide semiconductor 
device in accordance with llie present embodiment 5 will be explained with reference to the 
15 cross sectional views shown in Figs. lOA to lOE. 

First, in the step of Rg. lOA, an n -type SiC epitaxial layer 20 having a thickness of 1 
to 100 /mi is formed with a dopant concentration of 1 x lO" to 1 x 10^^ on"^ on a p'^-type SiC 
substrate 110 serving as an anode region. 

In the step of Fig. lOB, a p-type base region 30 is formed within the n-type SiC 
20 epitaxial layer 20 by injecting boron ions 130 through a mask 120 according to a multi-step 
ion-implantation with an accelerating voltage of 10 keV to 3 MeV at a high temperature, for 
example, 100 to lOOO'C . Hie total dose amount is for example lO'^ to 10^^ cm l 

In the step of Fig. IOC, an n*-type cathode region 40 is formed within the p-type base 
region 30 by injecting thereto, for example, phosphor ions 131 through a mask 121 according to 
25 a multi-step ion-implantation with an accelerating voltage of 10 keV to 1 MeV at a high 

temperature, for example, 100 to lOOO'C . The total dose amount is for example 10^"* to 10^^ cm 
Needless to say, besides phosphorus, nitrogen, arsenicum and the like can be used as an n-type 
impurity. 
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In the step of Fig. lOD, a p*-type gate region 50 is fonned within the p-type base 
region 30 by injecting thereto aluminum ions 132 through a mask 122 according to a multi-step 
ion-implantation with an accelerating voltage of 10 keV to 1 MeV at a high temperature, for 
example, 100 to lOOO'C . The total dose amount is for example 10^* to 10^* cm\ 
5 InddentaUy, the p'^-type gate region 50 is preferably formed with an impurity whidi 

can be used to generate a shallow impurity level in the siUcon carbide semiconductor and 
therefore aluminum is used for this purpose in the present embodiment 5. 

Also, needless to say, the sequential order of the above ion-implantation steps of 
forming the respective regions can be changed so that, for example, phosphor ions can be first 
10 implanted for fomiing the n*-type cathode region 40. 

In the step of Fig. lOE, a thennal treatment is given to the silicon carbide 
semiconductor, for example, at 1000 to 1800°C in order to move impurity ions in the lattice 
positions of the silicon carbide semiconductor. 

Thereafter; not shown in the figure, after forming a CVD oxide fihn on the silicon 
15 carbide semiconductor as the interlayer film 60, contact holes are opened through the CVD 
oxide fihn over the n*-type cathode region 40 and the p*-type gate contact region 50 followed 
by forming the cathode electrode 70 and the gate electrode 80 respectively in the contact holes 
to contact the n*-type cathode region 40 and the p*-type gate contact region 50 respectively. A 
metal film is then formed on the rare surface of the p*-type SiC substrate 110 by evaporation 
20 and given thermal treatment, for example, at 600 to 1400'C to be the anode electrode 90 an 
ohmic electrode. The silicon carbide semiconductor device as illustrated in Fig. 9 is then 
completed in accordance with the embodiment 5. 

Next, the operation of the semiconductor device in accordance with tiie present 
embodiment 5 will be explained. 
25 When a positive voltage is applied to die cathode electrode 70 while a negative 

voltage is appUed to the anode electrode 90, a reverse bias is applied across the PN junction 
between the n*-type catiiode region 40 and the p-type base region 30 and also across the PN 
junction between the n -type epitaxial layer 20 and the p*-type SiC substrate 110, and therefore 
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no current flows irrespective of the voltage applied to the gate. 

On the other hand, when a positive voltage is applied to the anode electrode 90 while a 
negative voltage is applied to the cathode electrode 70, no current flows if the gate voltage is 
zero or negative. In this case, a dq)letion layer is extending in the epitaxial layar 20 
5 corresponding to the anode voltage Va with litfle extension in tiie p-type base region 30. Hiis is 
because the space charge density of the deletion layer extending in the p-type base region 30 is 
designed lar^ than flie space charge density of the depletion layer extending in the q)itaxial 
layer 20 by one or mote orders of magnitude as desoibed above. 

Hence, the current fiom the anode electrode 90 to the cathode electrode 70 starts 
10 rapidly inoeasing only after the anode voltage Va reaches the breakdown voltage Vb, but the 
depletion layer in the p-type base region 30 shall not extend to reach the n*-type cathode region 
40 to cause punch-through in advance of the breakdown. 

On the other hand, when a positive voltage is applied to the gate electrode 80, positive 
holes are injected ftom the gate electrode 80 into the p-type base region 30 . At the same time, a 
15 large amount of elections move from the n*-type cathode region 40 to the p-type base region 30. 

If the ftee carrier density in the p-type base region 30 is large, a majority of electrons 
injected &om the cathode region 40 are recombined with positive holes in the p-type base region 
30, and therefore few elertrons reach the epitaxial layer 20. 

The present semiconductor device is formed with the p-type base region 30 doped 
20 with boron as described above, and therefore diaracterized in fliat the flee carrier density thereof 
at room temperature is smaller tiian tiie space charge density of the depletion layer formed in the 
p-type base region 30 by about two orders of magnitude. For this reason, even if the space 
charge density of the depletion layer extending in the p-type base region 30 is so large as to 
avoid punch-through, the free carrier density is smaller than the space charge density of the 
25 depletion layer at room tanperature by about two orders of magnitude. 

As a result, a majority of elertrons transported to the p-type base region 30 are passed 
to readi the n -type q)itaxial layer 20. The majority of elecbions are then absorbed into the 
epitaxial layer 20 in tiie electric field induced by the anode voltage and passed to the p'^-type SiC 
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substrate 110. At the same time, positive holes are injected fiom the p*-type SiC substrate 110 to 
the epitaxial layer 20 and ooUected by the p-type base region 30. These positive holes are then 
iigected fiom the p-type base region 30 to the cathode region 40 to tum on the thyristor as a 
ccmductor with a low resistance. 
5 Particularly, in the case of the present embodimrait 5, the p-type base region 30 is 

formed with boron as a dopant which can be used to generate a deep impurity level within the 
silicon carbide semiconductor, and therefore it is possible to reduce the fiee carrier density in the 
p-type base region 30 and a number of carriers recombined in the p-type base region 30, and 
provide a thyristor with low on-resistance as compared with prior art thyristors. 

10 Embodiment 6: 

Fig. 11 is a caoss sectional view showing flie stracture of an embodiment 6 of the 
siUcon semiconductor device in accordance with the invention. The present embodiment 6 is 
applicable to a high voltage silicon semiconductor bipolar transistor in vftach a p-type base 
region is formed with Tl (thalium) as a dopant. 

15 The diffraence of the present embodiment 6 resides in that the SiC semiconductor 

substrate 10 is i^laced by a siUcon semiconductor substrate 170. The olha: stractures and 
functionaUty are similar to those of the high withstanding voltage SiC bipolar transistor 
according to the embodiment 1 as described above in conjunction with Fig. 1, and therefore 
redundant explanation is dispensed with. 

20 Next, one example of the manufacturing method of the silicon semiconductor device 

in accordance with the present embodiment 6 will be explained with reference to the cross 
sectional views shown in Figs. 12Ato 12E. 

First, in the step of Fig. 12A, an n -type Si epitaxial layer 180 having a thickness of 1 
to 100 fim is fonned on an n*-type Si substrate 170 as a collector region with a dopant 

25 concentration of 1 x 10^"* to 1 x 10^^ cm 

In the step of Fig. 12B, a p-type base region 190 is formed within the n -type Si 
epitaxial layer 180 by iujecting thaUum ions 135 through a mask 123 with an accelerating 
voltage of 10 keV to 500 keV. The total dose amount is for example 10^ to itf ^ cm'^ 
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Whfle the p-type base region 190 is fomed by ion-implantation of thalium in 
accordance with the present embodiment 6, In (indium) can be used in place of thaUum. 

Also, the p-type base region 190 can be formed by epitaxial growth with one of these 
impurities in the form of an appropriate dopant gas available for the purpose of doping the 
5 epitaxial layer. 

In tiie step of Fig. 12C, an n^-type emitter region 210 is formed within the p-type base 
region 190 by injecting thereto, for example, phosphor ions 136 through a mask 124 with an 
accelerating voltage of 10 keV to 500 keV. The total dose amount is for example 10*^ to 10*^ 
cm l Needless to say, besides phosphorus, arsenicum and the like can be used as an n-type 
10 impurity. 

In the step of Hg. 12D, a p*-type base contact region 200 is formed witiiin tiie p-type 
base region 190 by injecting thereto, for example, boron ions 137 through a mask 125 with an 
accelerating voltage of 10 keV to 500 keV. Hie total dose amount is for example 10^"* to 10^^ 



an . 



15 Also, needless to say, the sequential order of the above ion-implantation steps of 

forming the respective regions can be dianged so fliat, for example, phosphor ions can be first 
implanted for forming the n'^-type emitter region 210. 

In die step of Fig. 12E, a tiiermal treatment is given to the silicon semiconductor, for 
example, at 1000 °C in order that impurity ions are diffused to a predetermined deptii. 

20 Thereafter, not shown in tiiefigMre, after forming a CVD oxide film on the siUcon 

semiconductor as the interlayer film 220, contact holes are opened through the CVD oxide film 
over the n*-type emitter region 210 and tiie p*-type base contact region 200 foUowed by 
forming the emitter electrode 240 and tiie base electrode 230 respectively in ttie contact holes to 
contact tiie n*-type emitter region 210 and tiie p*-type base contact region 200 respectively. 

25 Furthermore, a metal film is tiien fomied on die rare surface of tiie n*-type Si substrate 170 as 
tiie collector electrode 250 by evaporation to complete tiie manufacturing process of tiie silicon 
semiconductor device as illustrated in Fig. 11 in accordance witii tiie embodiment 6. 

By tins configuration, a conventional sihcon semiconductor manufechiring apparatus 



can I 
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I be used without difficulty to manufecture a silicon semiconductor device, in accordance 
with the invention, in which is improved the conventional problem relating to the tradeoff 
existing between the withstanding voltage of Ihe device and the current gain hFE. 

The present appUcation is related to subject matter disclosed in the Japanese Patent 
5 AppUcation No.2003-036364 filed in Febmary 14, 2003 in Japan, to which the present 

application daims priority under the Paris Convention and which are incorporated herein by 
reference. 

The foregoing description of the embodiments has been presented for purposes of 
iUustration and description. It is not intended to be exhaustive or to limit the invention to the 
10 predse fomi described, and obviously many modifications and variations are possible in Ught of 
the above teaching. The embodiment was chosen in order to explain most clearly the principles 
of the invention and its practical appUcation thereby to enable others in the art to utiUze most 
effectively the invention in various embodiments and with various modifications as are suited to 
the particular use contemplated. 
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